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Summary
Objective: Currently, the surgical treatment of localized cartilage defects has limitations. Alternatively, localized cartilage defects may be
treated with small biocompatible metal cartilage tacks. Our purpose was to investigate the applicability of defect-size femoral implants. Differ-
ent bearing materials, cobaltechromium (CoCr) and oxidized zirconium (OxZr), were tested to evaluate the effect on opposing cartilage quality
and osseointegration at different insertion depths.
Methods: In 18 adult female New Zealand White rabbits, a medial femoral condyle defect was ﬁlled with either an OxZr or a CoCr implant
(B articulating surface 3.5 mm; ﬁxating pin of 9.1 mm length), placed ﬂush, 1 mm deep or 1 mm protruding with respect to the level of the
surrounding cartilage. Animals were sacriﬁced after 4 weeks. Tibial cartilage quality was scored microscopically and osseointegration mea-
sured by automated histomorphometry.
Results: Considerable articulating cartilage erosion was found in all conditions. Tibial cartilage quality was least compromised when both im-
plants were placed ﬂush compared to deep (P¼ 0.01) or protruding position (P¼ 0.004) and was better for OxZr compared to CoCr
(P¼ 0.011) when left protruding, while no differences were found when placed deep of ﬂush. Most bone formation around the ﬁxating pin
was observed in a protruding position (P¼ 0.01). In deep position, more boneeimplant contact was observed with CoCr compared to
OxZr (P¼ 0.02).
Conclusions: OxZr and CoCr implants showed good osseointegration when used as a localized cartilage defect treatment in the rabbit knee;
however, opposite cartilage damage was observed in all cases. Placement ﬂush to the surrounding cartilage seems essential and when left
protruding OxZr may be less erosive. In conclusion, caution is warranted using small metal implants for the treatment of localized cartilage in
the human patient.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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SocietyIntroduction
Localized cartilage defects are frequently associated with
disability and with symptoms such as joint pain, locking
phenomena and reduced or disturbed function. Moreover,
such lesions are generally believed to progress to severe
forms of osteoarthritis1.
When conservative treatment options fail, there are
several surgical possibilities. A localized treatment, which
maintains the surrounding and opposite healthy cartilage,
is preferred. Currently, the surgical options for the treatment
of localized cartilage defects are primarily aimed at biologi-
cal repair, including joint lavage and de´bridement, subchon-
dral drilling, osteochondral transplantation, and autologous
chondrocyte transplantation. Although these biological repair
treatment modalities are promising, currently, limitations
persist. Often ﬁbrous or ﬁbrocartilage tissue is formed, fre-
quently followed by progress of joint degeneration and even-
tually results in an osteotomy, a hemiarthroplasty or a total
joint replacement.
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Received 2 November 2006; revision accepted 4 February 2007.9A promising alternative for the treatment of localized de-
fects is the use of defect-size metal implants for localized
cartilage defects, as have already been applied in trauma
of the knee, hip, and shoulder2e4. The current implants con-
sist of a titanium screw and a cap device. The success of
this approach depends on various factors. First, since local-
ized implants will articulate against healthy unaffected carti-
lage, it is anticipated that the position of the implant in
relation to the adjacent tissues will affect the articulating
surfaces. As yet, it is not clear whether placing an implant
ﬂush with the surrounding cartilage, or rather slightly de-
pressed is best in terms of articulating surface integrity.
And second, the implant should be well ﬁxed in the joint
to maintain articular congruity and limit subchondral alter-
ations, and thus the materials used should allow for
osseointegration of the implant.
Important in these considerations are the implant mate-
rials, in termsof effects on both articulation and osseointegra-
tion. A metallic knee hemiarthroplasty was introduced in the
1950s by MacIntosh and McKeever. Despite initial good to
excellent results, this prosthesis never became popular5,6.
Currently, cobaltechromium (CoCr) alloy is a frequently em-
ployed material for hemiarthroplasty bearing surfaces, how-
ever, even given the wide implementation, some downsides
are described7e9. For example, failure of hemiarthroplasty37
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acetabular articular cartilage and bone. These might be the
result of design speciﬁcations and/or the bearing material
used10.
Therefore, interest has regained in ceramic bearing mate-
rials for articulation in treatment of cartilage defects, joint
trauma and early, localized osteoarthritis. A major disad-
vantage of ceramics is that they are brittle, so novel bear-
ings such as oxidized zirconium (OxZr), aluminum oxide
(Al2O3), and CoCr coated with ceramics such as titanium ni-
tride (TiN) or titanium niobium (TiNb) oxynitride are being
developed, which are not brittle. In particular, OxZr was
shown to exhibit a number of relevant beneﬁcial character-
istics in vitro, such as better scratch resistance, less surface
roughness after articulation against third body debris such
as bone cement, a lower friction coefﬁcient and more
elasticity, while maintaining equivalent device fatigue
strength10e15. A comparative friction test showed that the
coefﬁcient of friction was lower for OxZr compared to the
CoCr alloy when rubbed against bovine articular cartilage10,
which was further conﬁrmed by an in vitro pin-on-disk wear
study demonstrating that cartilage thickness decreased to
a smaller extent when articulated against OxZr compared
to CoCr alloy16. However, the postulated superiority of
this material has not been proven in vivo, where not only ar-
ticulation, but also osseointegration and surgical aspects
deﬁne the functionality of an implant. To this end, we devel-
oped an in vivo model in which a femoral tack implant is ap-
plied to a localized defect in a rabbit knee joint. In this
model, opposing cartilage quality, biocompatibility, and os-
seointegration are studied with varying implant positions,
comparing the commonly used CoCr with OxZr as bearing
materials.
Materials and methods
EXPERIMENTAL DESIGN
This research was approved by the Institutional Animal
Care Committee of the Utrecht University (approval number
DEC 04.07.057). In 18 adult female New Zealand White
rabbits, a standardized medial femoral condyle defect was
ﬁlled with either an OxZr (left knee) or a CoCr (right knee)
press ﬁt implant (B articulating surface 3.5 mm; length
9.1 mm). Implants were placed ﬂush with the surface of
the surrounding cartilage (n¼ 9), 1 mm deep (n¼ 5) or
1 mm protruding (n¼ 4). After 4 weeks, the animals were
sacriﬁced. Tibial cartilage quality was scored blinded by
macroscopically and microscopically evaluations. Osseoin-
tegration was determined using histomorphometry.
ANIMALS
Eighteen adult female New Zealand White rabbits aged
34 weeks and weighing 3.8 0.3 kg (mean standard
deviation) were used. Food and water were given ad libitum.
The animals’ general health and care conditions were re-
corded in a diary of well being for each rabbit separately
and monitored by the laboratory animal welfare ofﬁcer.
IMPLANTS
Implants were custom-manufactured by Smith & Nephew,
Memphis, TN, USA. The OxZr components are produced
from a wrought zirconium alloy (Zre2.5%Nb) that is oxidized
by thermal diffusion to create a zirconia surface, which isapproximately 5-mm thick, and then polished to produce an
articular surface as smooth as that of a CoCr component
(Ra< 0.03 mm). The CoCr components were produced from
a cast CoCr alloy (ASTM F75) and polished afterwards.
The size of the implant was 9.1 mm in length with a 3.5 mm
diameter-articulating surface. The articulating shape of the
implant was designed after a study on cadaver knees and
tested in a pilot study [Fig. 1(A and C)].
SURGERY
After acclimatizing for at least 2 weeks in the animal care
facility, 1 day prior to surgery, Baytril (0.3 ml 2.5% enroﬂox-
acin, Bayer, Leverkusen, Germany) was given. The rabbits
were weighed pre-operatively. Surgery was performed on
both knees, under general inhalation anesthesia and aseptic
conditions. Pre-medication was given by an intramuscular
injection of 4 mg acepromazinemaleate (Vetranquil, Sanoﬁ
Sante BV, Maassluis, The Netherlands) and 4 mg metha-
done (methadone-HCl). Anesthesia was initiated by an intra-
venous injection of 8e10 mg etomidate (Hypnomidate,
Janssen Pharmaceutica BV, Tilburg, The Netherlands).
All surgical procedures were carried out by the same sur-
geon (RC), who gained speciﬁc experience during a pilot
study. The medial femoral condyle was exposed through
a medial parapatellar incision, without dislocating the pa-
tella. After inspecting the joint and determining the location
for implantation, an air-pressurized drill was used to insert
a K-wire (diameter 1 mm, depth 1 cm) creating a pilot hole
perpendicular to the surface in all directions in the load
bearing area. After removing the K-wire, a drill (diameter
3.5 mm) was used to create a standardized osteochondral
defect (diameter 3.5 mm, depth 2.1 mm.). Although threads
are present on the implant, these were designed for os-
seointegration after implantation, and not for rotation during
the placement procedure. Therefore, the implants were
placed ﬂush with (n¼ 9) either 1 mm too deep (n¼ 5) or
1 mm protruding from the surface of the surrounding carti-
lage (n¼ 4), by hammering using a specially designed
tamp with a polyethylene head [Fig. 1(B)]. The joint was lav-
aged and closed in three layers. After surgery, the rabbits
stayed on the intensive care unit (ICU) during 24 h. Subse-
quently, the rabbits were placed in separate cages and
were allowed to move freely. Until 3 days post-operatively,
Baytril was given.
The implants were visually inspected and manually
tested for loosening. After 4 weeks, the animals were killed
using an overdose of Euthesate (pentobarbital). All rabbits
were weighed post-mortem. The hind legs were disarticu-
lated at the hip joint and taken to the orthopaedic laboratory.
RADIOGRAPHS
Pre-operatively, ﬂuoroscopy was used in an anteriore
posterior (AP) and a mediolateral (ML) direction to conﬁrm
the normal anatomy and the size of the bone. Immediately
post-implantation, ﬂuoroscopy was used to conﬁrm the de-
sired depth positioning of each implant and examine surgi-
cal complications such as fractures. After killing the animals
(day 28), ﬂuoroscopy was used to check for implant malpo-
sitioning, loosening (sclerotic zones and radiolucency sur-
rounding the implant), movement from original position, or
other complications. Subsequently, all joints were opened
and the implant was manually checked for loosening and
a possible implant bone interface.
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To evaluate the macroscopic cartilage damage of the
tibial plateau, digital high-resolution photographs were made
of the tibial plateau, after removal of soft tissues.
Fig. 1. A. Femoral tack implant. Left is made of CoCr; right is made
of OxZr. B. Polyethylene heads were used to tamp the implants into
the cartilage defect at different depths. (A) Flush positioning. (B)
Protruding positioning. (C) Deep positioning. C. Technical drawing
of the implant.Macroscopic evaluation as described by Mastbergen
et al.17 was done on photographs of the articulating sur-
face for each compartment separately (the medial plateau,
directly in contact with the implant and the lateral plateau,
as part of the knee joint, but not directly in contact with
the implant). Since this scoring system is relatively new,
four different observers were asked to apply the scoring
system on coded photographs, to compensate for possi-
ble novelty variation and providing a blinded grading of
severity of cartilage damage (Fig. 2). The scores of the
four observers were averaged (maximum of 4) and out-
liers more than 1 point were scored again, until consensus
was reached. This score was used as the representative
score for each photograph and was used for statistical
analysis.
MICROSCOPIC CARTILAGE EVALUATION
To evaluate cartilage damage by histology, all tibial pla-
teaus (including subchondral bone) were ﬁxed in 10% buff-
ered formalin during 48 h. The tissues were decalciﬁed
using Luthra’s solution (3.2% 11 M HCl, 10.0% formic acid
in distilled water) during 48 h. The decalciﬁed tissue was
dehydrated via 70e100% ethanol, washed with xylene
and ﬁnally embedded in parafﬁn. Parafﬁn sections (5-mm
thick) were cut from the entire tibial plateau at four different
levels from AP and stained with Safranin-O and Fast Green
(Fig. 3). Histological sections were blinded and randomly
presented (using FileMaker Pro 6.0v1 for Mac) to two
readers who applied the Mankin score18 to determine the
degree of cartilage degeneration for each compartment
separately.
EVALUATION OF BIOCOMPATIBILITY
AND OSSEOINTEGRATION
After 48 h of ﬁxation in 10% buffered formalin, the medial
femoral condyles were dehydrated via 70e100% ethanol,
and embedded in polymethylmethacrylate. Sections (10-mm
thick) were sawed in a longitudinal direction at the middle
MACROSCOPIC SCORING CARTILAGE
QUALITY RABBIT TIBIA
MEDIAL PLATEAU
Smooth surface 0
Slightly fibrillated 1
Fibrillated with shallow grooves 2
Deep sharp grooves 3
Deep sharp grooves with surrounding damage 4
LATERAL PLATEAU
Smooth surface 0
Slightly fibrillated 1
Fibrillated with shallow grooves 2
Deep sharp grooves 3
Deep sharp grooves with surrounding damage 4
Fig. 2. Macroscopic cartilage score according to Mastbergen
et al.17 This scoring system is used to determine the macroscopic
cartilage quality. The higher the score, the more the cartilage is
damaged.
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1.  Structure:
a.   Normal. 0
b.   Surface irregularities. 1
c.   Pannus and surface irregularities. 2
d.   Clefts to transitional zone 3
e.   Clefts to radial zone 4
f.    Clefts to calcifiedzone 5
g.   Completed is organization. 6
2.  Cells:
a.   Normal. 0
b.   Diffuse hypercellularity. 1
c.   Cloning. 2
d.   Hypocellularity. 3
3.  Safranin-O staining:
a.   Normal. 0
b.   Slight reduction. 1
c.   Moderate reduction. 2
d.   Severe reduction. 3
e.   No dye noted. 4
4.  Tidemark integrity:
a.   Intact. 0
b.   Crossed by blood vessels. 1
Minimum score: 0
Maximum score: 14
D
A B
C
Fig. 3. A. Example of tibial plateau with the black lines indicating the locations of the histological sections. B. Histology example of tibial
plateau against ﬂush OxZr. C. Histology example of tibial plateau against protruding CoCr. D. Histological grading system as described by
Mankin et al.18of the implant using the Leica SP1600 Saw Microtome
system and subsequently stained with basic fuchsin and
eosin. Histomorphometry was performed with a PC-based
system equipped with the KS400 version 3.0 software
(Carl Zeiss Vision, Oberkochen, Germany). After pseudoco-
loring the bone, the articulating part of the implant was ex-
cluded. Subsequently, a rectangle was drawn around the
outer diameter of the implant. First, the area of the rectangle
minus the implant area was determined. The percentage of
bone in this area was calculated and deﬁned as the amount
of bone around the implant. Second, the amount of bone in
contact with the implant circumference was determined
(Fig. 4).STATISTICAL ANALYSIS
The mean and the standard error of mean were calcu-
lated for each of the different groups. For the macroscopic
and microscopic cartilage analyses and for the osseointe-
gration analysis, a two-tailed repeated measure with multi-
ple analysis of variance (MANOVA) was used to assess
the signiﬁcance of the differences between the different
depth positionings for the different knee compartments
(medial and lateral), regardless of the bearing material.
For analysis of the differences between the bearing mate-
rials, we calculated the osteoarthritic changes in the total
knee joint and for each compartment separately. Metal
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ence was marked as the between subject factor (using
SPSS 11.0.4 software for Mac). Post hoc tests were per-
formed on depth and metal using Fisher’s Least Signiﬁcant
Difference (LSD) test. P< 0.05 was taken to indicate statis-
tical signiﬁcance.
Fig. 4. A. Example of a ﬂush OxZr implant in the medial femoral
condyle. B. Illustration of histomorphometrical analysis. First, the
red area is the excluded ‘‘head’’ of the implant. The area within
the black rectangle is the area used to calculate the amount of
bone surrounding the implant. Second, the yellow line is the implant
circumference and used to calculate the percentage of bonee
implant contact.Results
SURGERY AND ANIMAL HEALTH
Surgery was performed without major complications. All
animals recovered well after surgery, one rabbit received
additional antibiotics during 3 days due to a clinically
extra-articular infection of the left knee and recovered well.
All rabbits were able to load the limbs and move the knees
without any limitations, which was comprehensively re-
corded in the diary of well being. The rabbits showed a max-
imal weight loss of 5.0 1.6% (mean standard deviation)
after surgery. Visual inspection and manual palpation did
not show any ﬁbrotic changes, all implants were mechani-
cally stable and were located in their original position.
Pre-operatively, ﬂuoroscopy conﬁrmed normal knee joint
anatomy for all rabbits. Post-operatively, ﬂuoroscopy con-
ﬁrmed desired depth positioning of each implant [Fig. 5(A)].
After 4 weeks follow-up, ﬂuoroscopy showed no signs of
malpositioning, loosening or other complications [Fig. 5(B)].
MACROSCOPIC CARTILAGE ANALYSIS
The macroscopic scores demonstrated considerable
cartilage damage of the tibial plateau in direct contact with
either implant irrespective of depth. The lateral plateau,
not in contact with the implant, was damaged less com-
pared to medial plateau at all implant positions and for
both bearing materials (P< 0.001). When an implant was
placed ﬂush (medial plateau 1.47 0.18, lateral plateau
0.14 0.08) with the surrounding cartilage, there was sig-
niﬁcantly less cartilage damage compared to implants in
the deep (medial plateau 2.00 0.20, lateral plateau
0.14 0.15) (P¼ 0.017), but not compared to the protrud-
ing position (P¼ 0.44). There was no signiﬁcant difference
comparing cartilage damage of the medial and lateral pla-
teau of the protruding (medial plateau 1.81 0.35, lateral
plateau 0.25 0.16) with the deep (P¼ 0.26) implants.
There was no signiﬁcant difference comparing OxZr to
CoCr at all depth positions (Fig. 6).
MICROSCOPIC CARTILAGE ANALYSIS
The Mankin scores demonstrated considerable cartilage
damage of the medial tibial plateau in direct contact with
either implant irrespective of depth [Fig. 7(A)]. The lateral
plateau, not in contact, was damaged less compared to
medial (P< 0.001). When an implant was placed ﬂush (me-
dial plateau 5.27 0.36, lateral plateau 2.92 0.27) with
the surrounding cartilage, there was signiﬁcantly less carti-
lage damage compared to the implants in deep (medial pla-
teau 6.0 0.46, lateral plateau 4.22 0.51) (P¼ 0.01) or
protruding positions (medial plateau 7.02 0.71, lateral pla-
teau3.36 0.45) (P¼ 0.004). Therewasnosigniﬁcant differ-
ence (P¼ 0.84) comparing the deep andprotruding implants.
The Mankin scores of the total tibial plateau were signiﬁ-
cantly (P¼ 0.01) better for OxZr compared to CoCr when
the implant was left protruding (4.6 0.7 vs 5.8 0.7).
When positioned ﬂush (4.1 0.3 vs 4.1 0.3) (P¼ 0.46)
and deep (4.8 0.4 vs 5.7 0.7) (P¼ 0.72), there was no
signiﬁcant difference between the scores for OxZr and
CoCr [Fig. 7(B) and 8]. The Mankin scores of the cartilage
of the lateral plateau considered separately were also signif-
icantly (P¼ 0.01) better for OxZr compared to CoCr when the
implant was left protruding (2.15 0.34 vs 4.34 0.68).
When the implants were placed ﬂush (2.74 0.32 and
3.09 0.43) and deep (3.50 0.38 and 5.45 1.16), there
942 R. J. H. Custers et al.: Articular damage by metal plugsFig. 5. Examples of X-rays post-surgery. A. Implant is placed too deep. B. Implant is placed ﬂush. C. Implant is placed protruding. Examples of
X-rays post-mortem. D. Implant is placed too deep. E. Implant is placed ﬂush. F. Implant is placed protruding.were no differences on the lateral plateau between OxZr and
CoCr (P¼ 0.55 and P¼ 0.22). When the implants were
placed deep (6.06 0.48 and 5.83 0.91), ﬂush
(5.47 0.52 and 5.08 0.50) and left protruding
(6.70 0.92 and 7.33 1.11), there were no differences on
the medial plateau between OxZr and CoCr (P¼ 0.82,
P¼ 0.70 and P¼ 0.52), respectively.EVALUATION OF OSSEOINTEGRATION
Four implants (one ﬂush OxZr, one protruding OxZr, and
two ﬂush CoCr) were lost during the sawing process and
therefore excluded from further analysis. Bone contact was
observed in all samples; looseningof the implants and inﬂam-
matory responses were not seen. Bone formation aroundFig. 6. Macroscopic scores of the tibial cartilage quality (mean standard error of mean) as described by Mastbergen et al. The macroscopic
scores demonstrated considerable cartilage damage of the tibial plateau in direct contact with either implant irrespective of depth. A. Depth
positioning implants. The lateral plateau, not in contact, was damaged less compared to medial at all implant positions and for both bearing
materials (P< 0.001). When an implant was placed ﬂush with the surrounding cartilage, there was signiﬁcantly less cartilage damage
compared to the implants in the deep (P¼ 0.017), but not compared to the protruding position (P¼ 0.44). There was no signiﬁcant difference
comparing the protruding to the deep and ﬂush implants (P¼ 0.26). B. Macroscopic score OxZr vs CoCr at different depths. There was no
signiﬁcant difference comparing OxZr to CoCr at all depth positions.
943Osteoarthritis and Cartilage Vol. 15, No. 8Fig. 7. Microscopic scores of the tibial cartilage quality (mean standard error of mean). The Mankin scores demonstrated considerable car-
tilage damage of the tibial plateau in direct contact with either implant irrespective of depth. A. Depth positioning of implants. The lateral pla-
teau, not in contact, was damaged less compared to medial. When an implant was placed ﬂush to the surrounding cartilage, there was
signiﬁcantly less cartilage damage compared to the implants in deep (*P¼ 0.01) or protruding position (*P¼ 0.004). There was no signiﬁcant
difference (P¼ 0.84) comparing the deep and protruding implants. B. Mankin score OxZr vs CoCr at different depths. The Mankin scores of
the tibial plateau were signiﬁcantly (#P¼ 0.01) better for OxZr compared to CoCr when the implant was left protruding. When positioning ﬂush
(P¼ 0.46) and deep (P¼ 0.72), there was no signiﬁcant difference comparing OxZr to CoCr.the implants was most extensive in a protruding position
(56.2 3.2%). This was signiﬁcantly more compared to
a deep (44.7 2.4%) position (P¼ 0.01). There were no sig-
niﬁcant differences when comparing a ﬂush (50.0 2.7%)
position to a deep position (P¼ 0.18) or a protruding position
(P¼ 0.19). The amount of bone around each implant was the
same for OxZr and CoCr at all depths (Fig. 9). Signiﬁcantly
more bone contact was found for CoCr (64.0 3.7%) com-
pared to OxZr (39.6 7.2%), in a deep position (P¼ 0.02).
However, in ﬂush (59.1 9.1% vs 49.2 7.3%) and protrud-
ing (55.2 6.4% vs 56.0 10.1%) positions, there were no
signiﬁcant differences.
Discussion
The goal of this study was to evaluate the in vivo use of
defect-size metal implants as an alternative for the treatmentof localized defects. First, the implants caused considerable
tibial cartilage damage and degeneration was induced, re-
gardless of the depth positioning or bearing material used.
Second, both OxZr and CoCr implants showed good os-
seointegration after 4 weeks when used as a localized carti-
lage defect treatment in the rabbit knee and the absence of
loosening and inﬂammation reactions around the implants
indicated good biocompatibility of both bearing materials.
More cartilage damage was observed for the medial tibial
plateau compared to the lateral plateau, irrespective of im-
plant position or material. Medial and lateral tibial cartilage
damage was less when implants were placed ﬂush as op-
posed to deep or protruding, but if implants were protruding,
OxZr caused less cartilage damage compared to CoCr.
The cartilage damage of the medial tibial plateau was
most likely caused through articulation of the implant di-
rectly against the tibial cartilage. Interestingly, the lateralFig. 8. Sections of implants under different insertion positioning. The threads allow for ﬁrm bone ﬁxation. The curvature of the articular part of
the implant is similar to the femoral condyle curvature. The bone is colored pink, the cartilage purple and the cartilage tidemark black. A. Deep
positioning (1 mm) compared to surrounding cartilage. B. Normal (ﬂush) positioning compared to surrounding cartilage. C. Protruding positioning
(1 mm) compared to surrounding cartilage.
944 R. J. H. Custers et al.: Articular damage by metal plugsFig. 9. Bone histomorphometry (mean standard error of mean). A. Amount of bone surrounding the implant at different insertion conditions.
Bone formation around the implants was most extensive in a protruding position. This was signiﬁcantly more compared to a deep position
(P¼ 0.01). There were no signiﬁcant differences comparing the ﬂush position to the deep position (P¼ 0.18) or protruding position
(P¼ 0.19). The amount of bone around each implant was the same for OxZr and CoCr at all depths. # Marks the signiﬁcant difference between
deep and protruding position (P¼ 0.01). B. Percentage of boneeimplant contact at different loading conditions. Bone contact was observed in
all samples. There was 40e64% bone contact with signiﬁcantly more bone contact to CoCr compared to OxZr in a deep position as indicated
with * (P¼ 0.02). However, in ﬂush and protruding positions, there were no differences.tibial cartilage, which did not articulate directly against any
implant, was also damaged, albeit signiﬁcantly less com-
pared to the medial tibial plateau. Also at this location dam-
age was signiﬁcantly related to implant positioning and
bearing material placed in the medial compartment. This
gradual decrease in cartilage quality was found before
and may be explained by the concept of joint homeostasis
as described previously19. Shortly, this concept describes
that there are a number of mechanisms for the control of
physiological equilibrium of the synovial knee joint. This
equilibrium is maintained by the cartilage, subchondral
bone, synovial ﬂuid, intact menisci and ligaments. Cartilage
damage of the medial tibial plateau directly articulating with
the implants may have induced the release of inﬂammatory
cytokines or matrix degrading proteases into the synovial
ﬂuid, thus affecting more remote areas in the joint.
Implant positioning appeared to be an important parame-
ter for the extent of ﬁnal cartilage damage. Previously,
a goat study20 using medial femoral condyle implants
showed that cartilage damage of the tibial plateau was pro-
portional to any elevation of the prosthesis above the adja-
cent cartilage surfaces, in line with our results for protruding
implants. Although the former authors proposed positioning
the surface of the prosthesis with its entire perimeter
sunken 1 mm below the adjacent cartilage surface, we
found that positioning the implant ﬂush induces less tibial
cartilage damage compared to placing them 1 mm below
the surrounding cartilage surface. Altogether, this impor-
tance of implant placement has implications for surgical
practice, where precision is highly dependent on the individ-
ual surgeon’s skills and experience. If implants might inad-
vertently be placed incorrectly, the use of OxZr implants
seems to be more forgiving, as in the protruding implants
this material resulted in less damage compared to CoCr.
However, the only evidence for this is a lower Mankin score
for protruding implants and the available literature des-
cribing a number of relevant beneﬁcial characteristics
in vitro10e16.
Osseointegration is of major importance for the success
of any hard-tissue implant. In the current study, bone forma-
tion around the implants was most extensive in a protruding
position, less in ﬂush and the least in the deep position.
Most likely this is due to the relatively high loading condi-
tions likely to be associated with higher positions.The extent of boneeimplant contact was high for both
materials, varying between 40 and 65%. In a deep position,
there was signiﬁcantly more bone contact to CoCr com-
pared to OxZr.
Boneeimplant contact in the current study was 47.5
4.7% for all depths for the OxZr implants. This is lower than
that previously found in a rabbit study evaluating the bone re-
sponse to zirconia ceramic implants, where boneeimplant
contact was 68.4 2.4%21. However, these implants were
placed in the tibia, at non-articulating sites. The loading
conditions are therefore different, inﬂuencing the amount of
bone remodeling surrounding the implants and the amount
of boneeimplant contact. Others found 36 4% for tibial
OxZr implants22.
For CoCr, we found 59.6 4.3% boneeimplant contact,
which was threefold more than the 19.7% found in a rabbit
study comparing titaniumalloy (Ti6A14V) andCoCr implants.
As they used solid cylindrical rodswithout threads andplaced
these in the intercondylar notch of the distal femur, implants
were non-weight bearing and thus probably would have
less boneeimplant contact23. Altogether, although OxZr im-
plants may be more forgiving as they seem to result in less
damage in protruding positions compared to the CoCr im-
plants, OxZr implants were found to be less effective in main-
taining bone contact in certain cases. Finally, regardless of
the differences in material properties found here, it should
be borne in mind that these differences are likely to be negli-
gible compared to the discrepancy in ‘material’ properties
compared to normal cartilage or in the situation of early de-
generation or osteoarthritiswhere these implants are applied.
Towhat extent thedamage foundcanbealsopartly attributed
to the process of opening the joint space, is not entirely clear,
as no sham-operated animals were included in the study.
However, previous rabbit studies including sham-operated
animal groups did not reveal any cartilage damage, even at
shorter time intervals24,25.
In conclusion, in the current model, extensive damage is
induced in the articulating cartilage surface by the presence
of defect-size metal plugs, which can be slightly reduced by
positioning the implant ﬂush to surrounding cartilage. Both
OxZr and CoCr implants showed a good osseointegration
when used as a localized cartilage defect treatment in the
rabbit knee. All in all, caution is warranted placing small
metal implants for the treatment of localized cartilage
945Osteoarthritis and Cartilage Vol. 15, No. 8defects in the medial femoral condyle. If implants are used,
consideration should be given to implant position, condyle
geometry, vascular changes and bearing material. Further
development and ﬁne-tuning of the application of defect-
size implants is required to make this a therapy of choice
for the treatment of local cartilage defects.
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